Introduction: The inability of respiratory muscles to generate force and endurance is recognized as an important cause of failure in weaning patients from invasive mechanical ventilation (IMV). Thus, inspiratory muscle training (IMT) might be an interesting treatment option for patients with prolonged IMV weaning. Objective: The aim of this systematic literature review was to evaluate the effectiveness of inspiratory muscle training in weaning patients from mechanical ventilation and to identify the most effective type of training for this particular purpose. Methods: We searched PubMed, LILACS, PEDro and Web of Science for randomized clinical trials published in English or Portuguese from January 1990 until March 2015. Results: Eighty-nine studies were identified of which five were selected. A total of 267 patients participated in the five randomized clinical trials analyzed here. IMV duration before onset of training varied greatly among subjects. Three studies performed IMT using a threshold device and two studies used adjustments of ventilator pressure sensitivity. Four studies have shown that IMT resulted in a significant increase in inspiratory
Introduction
The imbalance between the endurance and forcegenerating capacity of the inspiratory muscles and the overload imposed on them is an important cause of failure in weaning patients from invasive mechanical ventilation (IMV) (1, 2) . The failure rate after a spontaneous breathing test (SBT) is reported in the literature to range from 20% to 43%, depending on the population studied and the criteria used to identify failure in weaning from IMV (3) (4) (5) . Six to 30 percent of these patients should progress to prolonged weaning, characterized as more than three spontaneous breathing tests or longer than seven days after the first SBT (5) (6) (7) (8) .
Mechanical ventilatory weaning failure extends patients' time under IMV, leading to an increase in the incidence of morbidity and mortality, in the length of stay in the intensive care unit (ICU) and in hospital costs (9) (10) (11) (12) (13) . A cohort study conducted in the UK has shown that patients under prolonged IMV were hospitalized 10 days longer and had higher hospital mortality rates than patients who did not receive IMV (40.3% versus 33.8%) (12) . A study conducted in the US with 126 patients receiving prolonged IMV has found that, one year after IMV, only 9% of survivors (N = 70) were able to independently perform activities of daily living, while 65% were completely dependent on other people's help (13) .
Although respiratory muscle weakness may exist before the institution of ventilatory support or be the result of events/procedures thereafter, there is evidence that the mechanical ventilator alone may adversely affect the structure and function of the diaphragm. This process is called diaphragm dysfunction induced by mechanical ventilaton (DDMV) (14) . DDMV seems to be caused by the complete or partial inactivity of the diaphragm, which activates pathophysiological mechanisms that generate rapid loss of contractile strength and muscle mass (15) . Significant reductions in the cross-sectional area of the diaphragm and increased proteolytic activity have been reported in humans after 18 to 69 hours of controlled IMV (16) .
Thus, inspiratory muscle training (IMT), which aims to increase the strength and endurance of the respiratory muscles, might be an interesting nonpharmacological treatment option for patients with history of IMV weaning failure (11, 17) .
The literature describes different types of IMT in patients who require prolonged IMV. These include: normocapnic or isocapnic hyperpnea, use of devices that add a certain load to the respiratory system, and adjustments of ventilator pressure sensitivity (18) .
There are two options of devices for IMT, namely: pressure threshold devices and nonlinear resistors. Pressure threshold devices differ from nonlinear resistors because the load imposed on the respiratory system is independent from the inspiratory flow generated by the patient. Examples of nonlinear resistors are devices that have smaller holes through which the patient breathes (19, 20) . The inspiratory load imposed on the patient's respiratory system during IMT with nonlinear resistors depends on the inspiratory flow generated by the patient. Thus, it varies according to the breathing pattern adopted by the patient. This makes nonlinear resistors a less advantageous option for IMT (18, 21, 22) .
Although IMT has been available as a therapeutic option for patients who require IMV for over 30 years (23) , the first randomized clinical trial with positive results on its effectiveness did not occur until the last five years (24, 25) .
The aim of this systematic literature review was to evaluate the effectiveness of inspiratory muscle training in weaning patients from mechanical ventilation and to identify the most effective type of training for this particular purpose.
Methods
This is a systematic literature review.
Search strategy
We searched PubMed, LILACS, PEDro and Web of Science for studies published in English or Portuguese from January 1990 until March 2015, with the terms: 1) respiratory muscle training; "or" 2) inspiratory muscle training; "and" 3) ventilator weaning; "or" 4) mechanical ventilation; "or" 5) artificial respiration.
Selection of studies
We included only randomized controlled trials with adults (aged 18 years or older) receiving IMV in which pressure threshold devices (i.e., in which the inspiratory load imposed on the patient's respiratory system did not depend on the generated airflow) or ventilator pressure sensitivity were used in IMT. Studies using other training methods were excluded because training load awareness and control are considered important for the success of IMT and the assessment of its results (21) .
Two researchers searched and evaluated the studies independently for inclusion. The selection of articles was performed in several steps: i) the study title was read; ii) the abstract was read; iii) full-text copies of all studies deemed to be potentially relevant were retrieved and a more detailed assessment of the article's fit with the agreed upon inclusion criteria was conducted. Aiming to improve the selection procedure, we also analyzed the references of the studies selected. Disagreements at any step were reconciled through discussion.
The following outcomes were considered for the analysis of the influence of IMT on weaning patients from IMV: maximal inspiratory pressure (PImax), ventilator weaning duration, success rate in weaning IMV, reintubation rate, and length of ICU and hospital stay.
Quality assessment
Methodological quality was assessed with the PEDro scale, which is available on the PEDro website. The PEDro scale has 11 criteria, with a maximum score of 10 (range 0-10) as the first item (the specification of the eligibility criteria) is not included in the total score (26) .
Studies with a score of ≥ 6 are judged to be of high quality (27) . the main cause of orotracheal intubation and onset of IMV. Patients had a mean age of 62 years and IMV duration before onset of training varied greatly among subjects. Three studies performed IMT using a threshold device (24, 25, 36) and two studies used adjustments of ventilator pressure sensitivity (35, 37) . The initial training load ranged from 20% to 40% of the PImax, except in the study by Martin et al. (25) , in which the initial load was the maximum load tolerated by the patient. In the majority of the studies, the IMT was performed twice a day, in fiveminute sessions.
With regard to the main outcomes investigated in the studies, all five studies analyzed the PImax; three studies assessed ventilator weaning duration (24, 35, 36) ; two studies evaluated the success rate in weaning MV (25, 37) ; two studies investigated the reintubation rate (35, 36) ; and one study analyzed the length of ICU and hospital stay (37) . Figure 2 illustrates the difference between the mean PImax (measured before and at the end of the intervention) in the control and IMT groups in all five studies. The study by Caruso et al. (35) was the only clinical trial in which the IMT group has shown no increase in PImax.
Results Figure 1 is a flow chart describing the study selection process. The five studies that were included in this review (24, 25, (35) (36) (37) Of the five studies analyzed, only the one conducted by Elbouhy et al. (37) has not been assessed in the PEDro database. This is probably due to the fact that it is not clear in the study whether the selection process was random (randomization is one of the five eligibility criteria for inclusion in the PEDro database). The assessment of methodological quality of the remaining four articles revealed a mean score of 6.3 (4 was the lowest score (35) and 8 (25) was the highest score). This indicates that, overall, the studies had high methodological quality.
A total of 267 patients participated in the five clinical trials analyzed here. Respiratory failure was 
* Approximate values
Although most of the studies have shown a significant increase in PImax in the IMT group, only two studies have reported higher success rates in weaning patients from IMV (25, 37) . One study has found that patients showed a shorter ventilator weaning duration (24) and one study has found that patients had a shorter ICU and hospital stay (37) . In the study by Martin et al. (25) , 25 of the 35 patients in the IMT group (71%) were successfully weaned from IMV, whereas only 16 of the 34 patients in the control group (47%) had success in this respect. Elbouhy et al. (37) reported a weaning success rate of 90% (18 out of 20 patients) in the IMT group and of 55% (11 out of 20 patients) in the control group. In the study by Cader et al. (24) , the IMT group was weaned on average 1.7 days faster than the control group. Although Elbouhy et al. (37) have shown that the IMT group had shorter ICU and hospital stay (approximately four days less than the control group), the study had a small number of participants (N = 40 ), which affects the robustness of this result.
Discussion
In order to be considered clinically effective, the IMT -regardless of the device used in training -should result in a significant increase in PImax, i.e., enhance the endurance-and force-generating capacity of the inspiratory muscles, and consequently increase the success rate of weaning from IMV and /or decrease the weaning time.
It is also known that respiratory effort perception and respiratory drive are inversely related to the respiratory muscle strength. Thus, the higher the PImax, the weaker the sensation of dyspnea and the lower the respiratory drive (21, 38) . Therefore, a higher PImax should also facilitate weaning from IMV in patients who are able to maintain adequate gas exchange and minute ventilation but do not tolerate the feeling of difficulty in maintaining the spontaneous breathing effort.
Four of the five studies analyzed here have shown that IMT results in a significant increase in PImax and therefore should be considered as a strategy with potential to optimize the IMV weaning process. Nevertheless, only two studies have found that IMT resulted in higher success rates in weaning patients from IMV (25, 37) and only one study has shown that it resulted in a shorter weaning time (24) .
Although the five randomized clinical trials investigated here had methodological differences that impaired comparison among them -such as different initial times of IMV, different IMT protocols and use of different primary outcomes -, we concluded that IMT using threshold devices seems to be more effective than IMT using adjustments of ventilator pressure sensitivity. Of the two studies in which training was performed using sensitivity adjustments, one has has found negative results (35) and the other had methodological flaws such as non-randomization of subjects (37) .
A first possible explanation for the better results obtained with the use of threshold devices is that during training using these devices the load is imposed on the patient's respiratory system throughout the inspiration, whereas during training using sensitivity adjustments the load is imposed only during the interval between the onset of negative deflection of pressure by the patient and the beginning of the inspiratory flow from the ventilator, i.e., during the triggering of the respiratory cycle. More precisely, the load is imposed during the pre-triggering stage, which ends with the opening of the inspiratory valve (39) . Of note, depending on the response time of the inspiratory valve, the duration of training load imposition on the patient's respiratory system may be too short (< 100 ms) (40) , resulting in a suboptimal training.
A second explanation is that during IMT using sensitivity adjustments if the professional responsible for administering the training does not stay alert all the time, the patient may not provide sufficient inspiratory effort to trigger the respiratory cycle and keep breathing at positive end-expiratory pressure (PEEP). With the use of threshold devices, in order to generate a minimum of tidal volume, the patient necessarily needs the device valve to open (18) . Thus, the patient (who does not generate the minimum negative inspiratory pressure necessary to open the valve) will present signs of respiratory distress within a short time after beginning of the training. IMT will then be interrupted and the cause of the distress will be investigated (34) .
A third explanation is that the disconnection of the ventilator during IMT using pressure threshold devices -when performed in a controlled manner and close support from a physical therapist -may help patients to control their anxiety and gain confidence in their ability to breathe without the aid of a ventilator (41) .
It is important to consider, however, that because the use of threshold devices requires the patient to be disconnected from the ventilator, there is a greater risk of hypoxemia and alveolar collapse due to the loss of PEEP (42, 43) . Hypoxemia may also occur due to the reduction and/or inadequate control of the supply of inspired oxygen during the IMT. Another disadvantage is that the use of threshold devices demands more time from the professional who is administering the IMT.
With regard to the training load, although two studies have used an initial load of 20% of the PImax (35, 37) , recent studies state that the initial load should be set to at least 30% of the PImax to produce force gain (44) .
The studies also differed in relation to the beginning of the IMT. While in the study conducted by Caruso et al. (35) the IMT was started within 24 hours of ventilation onset, in the studies by Condessa et al. (36) and Martin et al. (25) the IMT was started after a mean of seven and 45 days of IMV, respectively. Starting from the principle that IMT seems to be indicated for patients who have failed the first spontaneous breathing trial and/or have a suspected DDMV, or who already had diaphragmatic weakness before the institution of IMV, beginning of IMT seems indicated as soon as the patient (who has these characteristics) satifies the criteria established in the literature for onset of weaning from IMV (45) .
Future studies should standardize some important points of the IMT protocol, such as the use of pressure threshold devices, minimum initial load of 30% of the PImax (with load adjustment after every one or two sessions to ensure perceived exertion rated as five/six on a scale of zero to ten), beginning of the IMT as soon as the patient (who is eligible for IMT) is considered ready to start IMV weaning, and training frequency of at least five times a week. In addition to the standardization of IMT protocols, the use of outcomes such as successful ventilator weaning, IMV time and length of ICU and hospital stay should be used in future studies to verify the effectiveness of IMT prior to its adoption in clinical practice.
Conclusion
IMT, especially when performed using pressure threshold devices, results in increased inspiratory muscle strength (PImax) and is, therefore, a treatment option with the potential to reduce ventilator weaning time and increase the success rate of mechanical ventilation withdrawal.
